Implanted biomaterials trigger acute and chronic inf lammatory responses. The mechanisms involved in such acute inf lammatory responses can be arbitrarily divided into phagocyte transmigration, chemotaxis, and adhesion to implant surfaces. We earlier observed that two chemokinesmacrophage inf lammatory protein 1␣͞monocyte chemoattractant protein 1-and the phagocyte integrin Mac-1 (CD11b͞CD18)͞surface fibrinogen interaction are, respectively, required for phagocyte chemotaxis and adherence to biomaterial surfaces. However, it is still not clear 
The increasing usage of implanted devices in the practice of medicine demands improved knowledge of events occurring at the host͞implant interface. Commonly used biomaterials may trigger an array of iatrogenic effects including inflammation, fibrosis, coagulation, and infection. In view of the inert and nontoxic nature of most biomaterials, it is puzzling that tissue contact implants very often acquire an extensive overlay of phagocytic cells (1-9). These phagocytes have been implicated in a number of subsequent adverse effects such as osteolytic changes around joint implants (7, 10, 11) , stress cracking of pacemaker leads (12, 13) , degradation of biomaterial implants (14, 15) , and fibrosis surrounding mammary prostheses and many other types of implants (16) (17) (18) (19) .
In attempting to define the mechanisms involved in biomaterial-mediated inflammatory responses, we have somewhat arbitrarily divided the events into (i) phagocyte transmigration through the endothelial barrier, (ii) chemotaxis toward the implant, and (iii) phagocyte adherence to implant surfaces. Our earlier results indicate that interaction between the phagocyte integrin, Mac-1 (CD11b͞CD18), and surface fibrinogen is critical in the adherence of phagocytes to biomaterial implants (1, 20) . In addition, both macrophage inflammatory protein 1␣ and monocyte chemoattractant protein 1, two potent chemokines, are involved in phagocyte chemotaxis toward the implant (21) . However, it is still unclear how inflammatory cells initially are recruited to the site of implantation. We hypothesized that mast cells and their granular products, specifically histamine, might play a pivotal role in this recruitment. This hypothesis was indirectly supported by three observations. First, in agreement with other investigators (22) , we observe modest hyperemia and edema-typical histamine-mediated responses-surrounding experimental s.c. and i.p. implants. Second, mast cells, which store and release large amounts of histamine, often are found associated with implant surfaces (23) . Third, release of histamine is known to promote transmigration of phagocytes through the endothelial barrier and up-regulation of phagocyte adhesion molecules (24) (25) (26) .
Here, we report experiments aimed at testing the importance of mast cells and histamine in the pathogenesis of acute inflammatory responses to biomaterial implants. Overall, the results support the conclusion that mast cells and histamine release are critical to recruitment of inflammatory cells during biomaterial-mediated inflammatory responses.
washed in large volumes of sterile saline to remove all traces of ethanol.
PET disks were implanted with or without precoating with either albumin (25 mg͞ml) or fibrinogen (500 g͞ml) (1, 20). After 4-hr incubation at room temperature under sterile conditions, the protein-coated materials were thoroughly washed in sterile saline. It should be noted that none of the protein-coated (or uncoated) implants had detectable surfaceassociated endotoxin (2) .
Implantation of PET Disks. All of the animals in this study [including Swiss-Webster mice from Taconic Farms and mast cell-deficient mice (WBB6F1-W͞Wv) (Ϫ͞Ϫ) and congenic controls (WBB6F1-ϩ͞ϩ) (ϩ͞ϩ) from Jackson Laboratory] were male and 20-25 g body weight. Because inflammatory response to implanted biomaterials varies in mice of different ages or shipment batches, only mice of the same age and from a single shipment were used in individual experiments, and control groups were included in every experiment for comparison. Consequently, the experimental values shown in all graphs represent results of a single implantation experiment involving 5-6 animals per treatment group as noted. However, all experiments were repeated at least three times, and the results shown are representative of all trials.
In most cases, the variously prepared sterile PET disks were implanted i.p. as previously described (1, 2). However, in a few studies, PET disks were implanted s.c. in the dorsal area on the back of mice. The small incision then was closed with running sutures as described earlier (12) . After implantation for 16 hr (earlier found to be the time of maximal phagocyte accumulation; ref. 2), both i.p. and s.c. implants were carefully recovered, and loosely bound cells were removed by gently rinsing the disks with sterile PBS.
Measurement of I.P. Histamine. Histamine has a very short half-life (seconds to minutes in circulation) (32) (33) (34) , making it impossible to measure histamine that has been released into the peritoneal space. Therefore, to assess the extent of biomaterial-mediated histamine release, we measured the amounts of residual (releasable) histamine in the peritonea of implant-bearing mice as an indirect indicator of the extent of previous histamine release. After implantation for different periods of time, mouse peritonea were instilled with cold PBS (50 mM NaPO 4 ͞100 mM NaCl, pH 7.4) to stimulate the release of histamine (35, 36) . Lavage fluids were recovered and then centrifuged to remove cells. The amount of histamine in lavage fluids was determined by using a competitive ELISA from Immunotech (Westbrook, ME).
Estimation of Implant-Adherent Phagocytes. Cytosolic and granular enzymes were released from surface-associated cells by incubation of each disk with 0.5 ml of 1.0% Triton X-100 for 1 hr. Activities of myeloperoxidase (MPO) and nonspecific esterase (NSE) in the Triton X-100 solution were used to estimate the numbers of explant-associated polymorphonuclear neutrophils (PMNs) and monocytes͞macrophages (MØ), respectively. Because we earlier found that Ͼ95% of implantassociated peroxidase activities represent MPO (as opposed to eosinophil peroxidase), total peroxidase activity was taken as a measure of surface-associated PMN (1). MPO was measured spectrophotometrically at 470 nm with guaiacol as substrate (37) . Control studies on purified mouse PMN indicated that the MPO activity of mouse peripheral PMN is about 23 nano units͞cell. NSE is relatively restricted to MØ, and the activity of this enzyme was measured to assess the number of adherent MØ (38) . NSE activity was determined by following the rate of hydrolysis of o-nitrophenyl butyrate (39) in the presence of eserine (10 mM), which will eliminate possible interference by cholinesterase (40) . Enzyme assays on mouse resident peritoneal MØ showed that the NSE activity of mouse peritoneal MØ is about 11 nano units͞cell. Earlier studies indicated that measured enzyme activity is a reliable measurement of the surface-associated phagocytes (for both MPO and NSE vs. cell number, r ϭ Ͼ0.90) (1).
Phagocyte Recruitment. We also investigated the total numbers of phagocytic cells appearing in the peritonea of implant-bearing animals. This was done by peritoneal lavage of animals after implantation for 16 hr. Mice were euthanized with inhaled CO 2 , and cold PBS (4 ml, pH 7.3) was injected into the peritoneal cavity. After gentle external massage of the intact peritoneal area for 2 min, the peritoneal cavity was opened, and the peritoneal fluid and disks were recovered. The cells in lavage fluids were concentrated by centrifugation (900 ϫ g for 10 min). The cell pellets and disks then were incubated with 0.5 ml of 1.0% Triton X-100 for 1 hr to release cytosolic and granular enzymes. Enzyme assays then were conducted to estimate the numbers of phagocytes. In the results shown, the numbers of peritoneal inflammatory cells are the sum of the cells in lavage fluids and on the disks.
Administration of Histamine Antagonists and 48͞80 to Mice. In accord with earlier pharmacokinetic studies (41-44), solutions of H1 antagonist (pyrilamine, 5 mg͞kg body weight) and͞or H2 antagonist (famotidine, 10 mg͞kg body weight), and saline (as control) were injected s.c. (supra scapular) into mice 1 hr before material samples were implanted and at 5 and 11 hr after implantation. Dosages and timing were meant to optimize the extent of continuous blockade of histamine receptors while minimizing side effects. As an additional test of the possible importance of mast cell histamine release in acute inflammatory responses to biomaterial implants, we depleted mast cell granular products (especially histamine) with multiple treatments of 48͞80, a potent histamine releaser (45, 46) . As established earlier (46), after five sequential i.p. injections of 48͞80 (1 mg͞kg body weight) at 12-hr intervals, less than 10% of peritoneal mast cells contain releasable granules.
Mast Cell-Deficient Mice. Mast cell-deficient WBB6F1-W͞Wv (Ϫ͞Ϫ) mice and their normal littermates, WBB6F1-ϩ͞ϩ (ϩ͞ϩ), were used when they were 3 months or older. Ϫ͞Ϫ Mice have a profound deficiency in mast cells (less than 1% of the congenic ϩ͞ϩ controls in both peritoneum and skin) (47) . These Ϫ͞Ϫ mice have other abnormalities, including a macrocytic anemia and decreased numbers of granulocyte and platelet precursors in the bone marrow. Importantly, however, the numbers of phagocytes and platelets in peripheral blood of adult Ϫ͞Ϫ mice are normal (48, 49) . A number of earlier investigations have shown these mice to be a valuable tool for determination of mast cell functions in vivo (e.g., refs. 50-55). Reconstitution of Mast Cells in Mast Cell-Deficient Mice. Bone marrow cells were cultured from femurs of control animals (ϩ͞ϩ) for 3 weeks in WEHI-3-conditioned medium as described earlier (54) . Mast cells (Ͼ98% purity) were injected i.p. into Ϫ͞Ϫ mice at 1 ϫ 10 6 per animal. The mast cellrepleted animals (W͞WvϩMC) were kept for 7 weeks before implantation studies. Others have shown that the majority of transferred mast cells survive well beyond 7 weeks (56).
RESULTS

Implanted Biomaterials Trigger the Release of Histamine.
To define the mechanism(s) governing biomaterial-mediated phagocyte recruitment, we hypothesized that the release of histamine might be involved. To test this hypothesis, we first determined whether the presence of biomaterial implants might stimulate histamine release, thereby decreasing the amounts of releasable histamine. Indeed, the amounts of histamine released from surrounding tissues by cold PBS lavage decrease profoundly immediately after implantation (Fig. 1) . Interestingly, these depressed levels of releasable histamine rebound at 4 hr after implantation. Inasmuch as our control experiments indicate that recruitment of inflammatory cells to the peritoneal cavity commences Ϸ4 hr after implantation, these newly recruited naive cells (possibly mast cells and MØ) may contribute to the observed rebound in i.p. releasable histamine.
Histamine Receptor Antagonists Suppress the Accumulation of Phagocytes on Implant Surfaces. To investigate the possible role of histamine in phagocyte recruitment and, subsequently, adhesion to implants, Swiss-Webster mice were repetitively injected with histamine receptor antagonists for either H1 or H2 receptors or saline (as control) before and after implantation. Neither pyrilamine nor famotidine, when administered individually, had significant effect on the accumulation of inflammatory cells on implant surfaces (Fig. 2) . However, administration of a combination of H1 and H2 antagonists almost completely blocked accumulation of both PMN and MØ on implant surfaces (Fig. 2) . The relative absence of implant-adherent phagocytes in animals treated with combined H1ϩH2 blockers might reflect either decreased immigration of phagocytes into the peritoneal cavity or some more discrete effect of the histamine antagonists on the ability of phagocytes to adhere to implant surfaces. We carried out limited qualitative studies to test whether histamine receptor antagonists might block the binding of (phorbol) activated phagocytes (having up-regulated Mac-1) to biomaterial surfaces. Our results indicate that activated human PMN and activated mouse resident peritoneal MØ bind equally well to fibrinogen-coated PET surfaces in the presence or absence of H1ϩH2 receptor antagonists (data not shown).
Histamine Release Is Required for Recruitment of Phagocytes to Peritoneal Implants. The possibility that histamine might be important in the initial recruitment of inflammatory cells to the implant site (perhaps by up-regulating endothelial P-selectin expression; refs. 57 and 58) was directly assessed by counting total numbers of phagocytes appearing in the peritonea and on the implants of variously treated animals. Indeed, 16 hr after implantation of fibrinogen-coated material, mice treated with a combination of H1ϩH2 blockers had far fewer peritoneal phagocytes of both types (Table 1) . Therefore, release of histamine may trigger the initial recruitment of inflammatory cells to the peritoneal cavity, and histamine receptor blockade decreases the numbers of implant-adherent phagocytes largely by preventing their initial appearance at the implantation site. However, these results left unresolved the question of which cell type(s) might be responsible for implantmediated histamine release.
Mast Cells Are the Most Important Effectors of Phagocyte Recruitment to Implants. Both mast cells and MØ can produce and release histamine (59) (60) (61) . However, relatively large numbers of mast cells are present in the peritoneum (2-5% of total cells) (23) , and peritoneal mast cells may contain 2-10 picograms of histamine per cell (62) . On the other hand, MØ only contain small amounts of histamine (about 0.5% of the histamine stored in mast cells) (35, 61, 63) . Therefore, mast   FIG. 2 . Accumulation of PMN and MØ on the surfaces of albuminor fibrinogen (Fg)-coated PET implants after 16 hr in vivo. Implants were placed in Swiss-Webster mice, some of which also were treated with pyrilamine (H1), famotidine (H2), or both as described under Materials and Methods. Values shown represent total implantassociated MPO (crosshatched bars) and NSE (dark stippled bars) activities. Vertical lines denote Ϯ 1 SD (n ϭ 5 in all cases). Significance of differences between H1͞H2 treated animals vs. untreated mice with Fg-coated implants: ‫,ء‬ P Ͻ 0.05; ‫,ءء‬ P Ͻ 0.01. As estimated by MPO activity, numbers of surface-associated PMN in control mice were 783 Ϯ 1,739͞cm 2 on albumin-coated disks, 116,500 Ϯ 33,900͞cm 2 on Fg-coated disks in untreated animals, 53,900 Ϯ 29,600͞cm 2 on Fgcoated disks in H1-treated animals, 66,100 Ϯ 38,300͞cm 2 on Fg-coated disks in H2-treated animals, and 15,400 Ϯ 17,300͞cm 2 on Fg-coated disks in animals treated with the combination of H1ϩH2 antagonists. Estimated numbers of MØ were 2,550 Ϯ 3,910͞cm 2 on albumin-coated disks, 146,400 Ϯ 21,800͞cm 2 on Fg-coated disks in untreated animals, 97,300 Ϯ 24,500͞cm 2 on Fg-coated disks in H1-treated animals, 102,700 Ϯ 27,300͞cm 2 on Fg-coated disks in H2-treated animals, and 33,600 Ϯ 19,100͞cm 2 on Fg-coated disks in animals treated with the combination of H1ϩH2 antagonists. cells appeared to be the most likely source of the histamine responsible for implant-mediated phagocyte recruitment. Indeed, in a preliminary study, repetitive administration of 48͞80 depleted Ͼ90% of histamine stores from peritoneal mast cells (45, 46) . We found that phagocyte recruitment to the peritoneum is also greatly decreased-Ͻ20% of normal PMN accumulation and Ͻ50% of normal MØ accumulation on implant surfaces (as compared with animals repetitively injected with saline) (results not shown).
As a more direct test of the possible role of mast cells in biomaterial-mediated inflammatory responses, we used Ϫ͞Ϫ mice and normal congenic, ϩ͞ϩ, animals. Ϫ͞Ϫ Mice have a distinctly blunted inflammatory response to implanted biomaterials compared with their ϩ͞ϩ controls (Ͻ40% of normal PMN accumulation and Ͻ20% of normal MØ accumulation on i.p. implants) (Fig. 3A) . Because inflammatory responses to foreign bodies may vary markedly with site of implantation, we also carried out limited parallel studies on these animals with s.c. implants. As was the case with i.p. implants, after 16-hr implantation the s.c. implants were found to have far fewer adherent phagocytes than did matched normal animals (Fig.  3A) . The possible role of mast cells in biomaterial-mediated inflammatory responses was further tested by using mast cell reconstitution of Ϫ͞Ϫ mice. As expected, replenishment of mast cells restores ''normal'' inflammatory responses to biomaterial implants in mast cell-deficient mice (Fig. 3B) .
Mast Cells Adjacent Implants Are Degranulated. Mesothelial specimens were obtained both from the omentum immediately adjacent to PET implants and from distant sites with no contact with the implant surface. As shown in Fig. 4 , there was extensive degranulation of mast cells in close proximity to the biomaterial implants (Fig. 4A) . However, mast cells in areas distant from the implant or from (sham operated) control animals showed no visible degranulation (Fig. 4B ).
DISCUSSION
Only a few hours after implantation, most biomaterial implants prompt some degree of acute inflammatory responses as Estimated numbers of MØ were 365,500 Ϯ 62,700͞cm 2 in ϩ͞ϩ and 79,100 Ϯ 19,100͞cm 2 in Ϫ͞Ϫ mice. On s.c. implants, estimated numbers of PMN were 133,500 Ϯ 76,100͞cm 2 in ϩ͞ϩ and 7,390 Ϯ 7,830͞cm 2 in Ϫ͞Ϫ mice. Estimated numbers of MØ were 110,900 Ϯ 44,500͞cm 2 in ϩ͞ϩ and 25,500 Ϯ 10,900͞cm 2 in Ϫ͞Ϫ mice. (B) Estimated numbers of PMN (cells͞cm 2 ) calculated from MPO activities were 130,400 Ϯ 64,300 in ϩ͞ϩ, 2,600 Ϯ 5,700 in Ϫ͞Ϫ, and 113,000 Ϯ 49,600 in mast cell-reconstituted mast cell-deficient mice (Ϫ͞Ϫ & MC). Estimated numbers of MØ (cells͞cm 2 ) calculated from NSE activities were 295,000 Ϯ 80,000 in ϩ͞ϩ, 68,500 Ϯ 30,000 in Ϫ͞Ϫ mice, and 305,000 Ϯ 50,000 in mast cell-reconstituted mast cell-deficient mice .   FIG. 4 . Sections of omentum from an area immediately overlying a 16-hr PET i.p. implant (A) and from a distant site in the same animal that had no contact with the implant (B). These preparations were stained with toluidine blue, which permits the visualization of mast cell granules. Magnification, ϫ120.
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Medical Sciences: Tang et al. Proc. Natl. Acad. Sci. USA 95 (1998) reflected by the accumulation of inflammatory cells. The mechanisms of such foreign body-mediated inflammatory responses are largely undetermined. Based on many earlier observations, the mechanisms involved in these responses can be arbitrarily divided into three consecutive events: (i) phagocyte transmigration through the endothelial barrier, (ii) chemotaxis toward the implant, and, finally, (iii) adherence to the biomaterial. Our earlier results have shown that interaction between the phagocyte integrin, Mac-1 (CD11b͞CD18), and one short peptide displayed by surface-adsorbed fibrinogen (P1) is absolutely required for phagocyte adherence to biomaterial implants (1, 20). Furthermore, both macrophage inflammatory protein 1␣ and monocyte chemoattractant protein 1 have been shown to participate in the chemotaxis of phagocytes toward biomaterial implants (21) . However, the processes involved in the critical initial step-phagocyte transmigration through the endothelial barrier-remain undefined. For a number of reasons, we hypothesized that release of histamine might be important for the accumulation of inflammatory cells on implant surfaces. We and others (22) have observed that the tissue surrounding biomaterial implants is often hyperemic and edematous, features of classical histaminic responses. Not only does direct administration of histamine lead to vasodilation, increased vascular permeability, and localized edema, but it is well known that histamine receptor antagonists can reduce or prevent the hyperemia and edema associated with histamine release (64) (65) (66) (67) (68) .
The proposition that acute inflammatory responses mediated by biomaterial implants might involve histamine is supported by our observation that the presence of biomaterial implants depletes the content of releasable histamine in peritonea of implant-bearing animals. To dissect the importance of histamine per se, we attempted to block possible histamine effects by administration of histamine receptor antagonistspyrilamine (H1 receptor antagonist) and famotidine (H2 receptor antagonist). We first suspected that histamine might foster recruitment of inflammatory cells and increase albumin leakage in postcapillary venules via effects on H1 receptors, particularly those on endothelial cells. Indeed, several earlier studies (57, 58, 69) indicate that histamine exerts its action on capillary permeability at the venular level via H1 receptors. Histamine also up-regulates the expression of P-selectin on the endothelial cell surface, thereby enhancing the ''rolling'' of passing phagocytes and supporting transient leukocyte adhesion to endothelial cells (58, 70, 71) . Surprisingly, neither H1 nor H2 receptor antagonists significantly diminish the accumulation of inflammatory cells on implant surfaces.
However, a few earlier observations in both humans and animals have shown that the combination of H1-and H2-receptor antagonists is more effective than either antagonist alone in reducing histamine-mediated inflammatory responses (particularly vasodilation) (71) (72) (73) . Specifically, histaminemediated vascular smooth muscle responses, especially changes of capillary pressure and transcapillary exchange of albumin, have been found to involve both H1 and H2 receptors (41, 74, 75) . We therefore treated animals simultaneously with H1 and H2 blockers and found that phagocyte accumulation on peritoneal implants was almost totally prevented. Nonetheless, it was still not clear whether histamine was involved in recruitment of inflammatory cells to implant sites, adhesion of inflammatory cells to implant surfaces, or both. Enumeration of both implant-adherent and total i.p. phagocytes indicates that treatment with histamine receptor antagonists reduces the total accumulation of inflammatory cells. Because H1 and H2 receptor antagonists do not inhibit the binding of (phorbol) activated PMN and MØ to fibrinogen-coated surfaces, we tentatively conclude that the combined antihistamines are probably preventing the initial recruitment of phagocytic cells to the peritoneum.
Further experiments indicate that, not unexpectedly, mast cells are the predominant source of histamine release. Both mast cells and MØ may produce and release histamine (59) (60) (61) . However, the peritoneal space contains relatively large numbers of mast cells (2-5% of total lavage cells) (23, 76) . Furthermore, MØ can only release small amounts of histamine (about 0.5% of the amount of histamine that can be released by mast cells on a per-cell basis) (35, 61, 63) . Therefore, we suspected that mast cells might be primarily responsible for the release of histamine and subsequent triggering of the recruitment of inflammatory cells to implant sites. Indeed, when histamine-containing mast cell granules are depleted (by repetitive administration of 48͞80) before implants are placed, far fewer inflammatory cells are recruited to the peritoneal cavity and appear on the implant surface.
However, in the case of pharmacologic interventions, there is always the possibility for artifact caused by secondary, unknown effects of particular drugs. We therefore further tested the possible importance of mast cell histamine release by using mast cell-deficient mice (Ϫ͞Ϫ) and their normal littermates (ϩ͞ϩ). After i.p. implantation for 16 hr, far fewer PMN (Ͻ40% of normal) and MØ (Ͻ20% of normal) accumulated on implant surfaces in mast cell-deficient mice than in their congenic controls. As expected, the reduction in phagocyte numbers adherent to implants also is associated with significant decreases in the numbers of inflammatory cells recruited to the peritonea. Being aware that Ϫ͞Ϫ mice might have attendant abnormalities that could influence acute inflammatory responses, we tested the importance of mast cells per se by reconstituting the mast cell population in previously mast cell-deficient mice. In support of our hypothesis, we observed full restoration of acute inflammatory responses (reflected by the extent of phagocyte recruitment and adhesion) to biomaterial implants in mast cell reconstituted animals. Furthermore, similar studies on s.c. implants yielded similar results.
These results provide evidence that biomaterial-mediated acute inflammatory responses are both histamine and mast cell dependent. Unfortunately, we still do not know the mechanism(s) through which biomaterial implants actually trigger mast cell release reactions. However, based on these results and many earlier studies, the possible mechanism of biomaterial-mediated phagocyte recruitment can be summarized as follows: (i) Shortly after implantation, biomaterials somehow trigger the activation of mast cells that release granular products, including histamine. (ii) Free histamine then prompts both hyperemia and enhanced expression of endothelial adhesion molecules such as P-selectin. (iii) Upregulation of endothelial adhesion molecules enhances the arrest and diapedesis of phagocytic cells through the endothelial barrier. (iv) Once within the general area of the implant, incoming phagocytic cells are directed toward the implant surface by the chemokines macrophage inflammatory protein 1␣ and monocyte chemoattractant protein 1. Finally, adherence of the incoming phagocytes to the implant surface occurs, at least in part, through interactions between phagocyte Mac-1 and one epitope on spontaneously adsorbed fibrinogen. Although many other intermediate steps may remain unknown, we are confident that a more comprehensive understanding of the sequence of events leading to biomaterial-mediated inflammatory responses may permit the future rational design of more biocompatible implantable and blood-contact biomaterials.
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